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ABSTRACT

Waves are coexisting with currents in coastal zomewvertheless, previous experimental
studies for excess pore-pressure responses inoagpeeabed were predominantly limited to
the wave-only condition. In this study, the combing@ave-current induced excess pore-
pressures in a sandy seabed were experimentallylaged with a specially-designed flume,
which can concurrently generate periodic waves anillowing/opposing co-directional
current. The effect of a current on the wave peaslfirstly examined. The wave steepness is
decreased by a following current, but enhancedrbgmoosing current. Flume observations
indicate that, under combined wave-current loadithg wave-induced pore-pressure is
increased for the following-current case, but reduéor the opposing-current case. Such
wave-current combination effect becomes more smamt for shorter wave periods. The
variation trend of the excess pore-pressure digtdb in the present flume observations is
consistent with that of the existing analyticalu@ns. Nevertheless, due to the existence of
wave and/or current boundary layer and non-lingadi wave-current interactions as
indicated by the flume observations, certain dewiat exist between the flume results for
excess pore-pressure and the analytical solutiamsh can not be ignored especially for the
opposing-current case. The effects of the bound@ygr on the combined wave-current
induced pore-pressures in the seabed are furtlghlighted by supplementary numerical
simulations. A favorable prediction by the analgticsolution would be expected for
following-current cases and smaller pore-pressumplitudes would be obtained for

opposing-current cases.

Keywords: Excess pore-pressure; flume experiment; sandpeseacombined waves and

current; boundary layer; wave-current interactions

" Corresponding authdE-mail address: fpgao@imech.ac.cn (Fu-Ping Gao)

This manuscript is the 2nd revised versioCtastal Engineering (Short Communication) for review

1/31



32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

1. Introduction

The evaluation of the wave-induced soil responsenamnine sediments is particularly
important for the design of foundations of offsharsstallations such as wind turbine
foundations (Cuéllar, 2012; Lin et al., 2017), faahs (Bea et al., 1983; Zhang et al., 2017),
pipelines (de Groot and Meijers, 1992; Zhou et2015) and breakwaters (Oumeraci, 1994;
Zhang and Ge, 1996; de Groot et al., 2006; Liaalet2018a, 2018b). Therefore, it is
necessary to have a better understanding of thes-imawced pore-pressure in marine
sediments.

In the past a few decades, numerous analyticatisofuhave been obtained and several
experimental works have been done for wave-induzstillatory pore-pressure responses.
Based on Biot's poro-elastic theory, a few poroasiels for wave-seabed interactions were
ever established under various assumptions (seerSagil4; Jeng, 2018). Among these, the
analytical solution by Yamamoto et al. (1978) taolo account of compressible pore-water
in a compressible isotropic porous seabed withiigfithickness. Madsen (1978) presented a
general analytical solution for pore-pressures afigctive stresses in a hydraulically
anisotropy porous seabed with infinite thicknessthwthe same framework, Hsu and Jeng
(1994) later derived the analytical solution to Bioequations for the case of finite soil
thickness, which can converge to the above soldijoifamamoto et al. (1978) and Madsen
(1978) if the soil thickness approaches infinitheTvalidity of these analytical solutions have
been confirmed by both one-dimensional tests usoytjindrical-shaped apparatuses
(Chowdhury et al., 2006; Liu et al., 2015) and feuexperiments (Tsui and Helfrich, 1983;
Chang et al., 2007; Zhang et al., 2016; Zhai ¢t28118). A detailed review of the previous
investigations on the wave-seabed interaction eafiolind in Jeng (2003; 2013; 2018).

In natural ocean environments, waves are coexistitlg currents. The pore-pressure
responses of the seabed could be significanthemifft when a current is considered. To the
author's knowledge, Ye and Jeng (2012) were tedines to study the soil response for the

scenario of combined waves and currents. Numesioalilations were conducted based on
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Biot's poro-elastic dynamic theoryu-f approximation). Their results showed that the
maximum relative difference of the pore-pressuréwben the cases with currents and
without currents can reach up to 25%. Zhang et (2013) proposed an analytical
approximation for the evaluation of the pore-pressun the seabed under combined waves
and currents by adopting an updated wave-induceskpre at the seabed surface. It indicated
that the influence of a current on the pore-pressesponses is significant. The full dynamic
soil behavior was considered by Liao et al. (20a8) an analytical solution of the pore-
pressure responses was derived for an infiniteegsealhe parametric study showed that the
current with third-order wave loading and full dyma soil behavior cannot be ignored in the
estimation of the wave-induced seabed responsesoty-saturated soil, long-wave periods,
and shallow water. Wen et al. (2016) establishedree-dimensional numerical model for
pore-pressure response under combined short-creseds and currents. The numerical
results indicated that superimposing a followingrent will result in larger pore-pressure in
the seabed. Therefore, ignoring a following-curneould underestimate the wave-induced
seabed instability.

As aforementioned analytical and numerical studiiekicated, while considering the
combined wave-current induced pore-pressure respgoinsa seabed, the Biot’s poroelastic
theory (Biot, 1941, 1960) is accepted as the pplecof compressible pore fluid flow in a
compressive porous medium. The governing equatibrseabed responses are the same for
wave-only condition and combined wave-current ctiodi Consequently, the essential
difference of the pore-pressures between wave-oahdition and combined wave-current
condition is induced by the different boundary dtinds of pressure at the seabed surface.
This highlights the significance of the effect ohwe-current interaction on the pressure
distributions at the seabed surface. However, tespsubstantial amount of knowledge has
accumulated about the effect of wave-current ictesas on the velocity profiles and
turbulence characteristics (e.g. Kemp and Simo®82,11983; Zhang et al., 2014; Tambroni
et al., 2015; Singh and Debnath, 2016), littlerditen has been paid to the effect of wave-

current interaction on the pressure distributionghe seabed surface. Moreover, the existing
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studies with respect to combined wave-current irdymore-pressure responses in the seabed
were predominantly limited to deriving analyticabligions and conducting numerical
simulations. A systematic experimental study on eéReess pore-pressure responses under
combined waves and current has not been availablkei literature. Note that the “excess
pore-pressure” herein denotes the wave-inducedgressure relative to the still hydrostatic
pressure in the seabed (refer to Yamamoto et@8;1Zen and Yamazaki, 1990).

In the present study, a series of large flume tesee conducted to investigate the
excess pore-pressure responses in a sandy seatted aombined waves and current. To
examine the effect of wave-current combination be txcess pore-pressure responses,
various magnitudes of the following-current and tipgosing-current were superimposed on
the waves. The variation of the excess pore-pressesponses with wave period were
investigated for the conditions of wave-only andnbaned waves and current. Moreover, the
applicability of the existing analytical solutiorag/examined by comparing the excess pore-
pressure distributions between the experimentallteeand the existing analytical solutions.
Several numerical simulations were also carried touglucidate the significant effects of

boundary layer on the combined wave-current indynd-pressures in the seabed.

2. Experimental study

2.1. Experimental set-up

The combined wave-current induced excess poreymesgssponses in a sandy seabed
were experimentally simulated with a specially-gasd flume, which can concurrently
generate periodic waves and a following/opposinglicectional current. The major frame of
the flume is 52.0 m in length, 1.0 m in width an8 fn in depth, in the middle of which a

soil-box of 2.0 m (length¥X 0.5 m (depthX 1.0 m (width) was constructed for the sand-bed

preparation, as illustrated in Fig. 1.
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Fig. 1. Schematic diagram of the flume tests fanbimed wave-current induced excess pore-pressure

in a sandy seabed.

A sandy seabed was prepared with a sand-rainingcelewhose main physical
properties are listed in Table 1. Four miniatureepgaressure transducers (PPTs) with model
number of GE Druck PDCR 81 were utilized to measbheswave-induced pore-pressure in
the soil, as detailed in Fig. 1. Two wave heightges (WHGs; model number: LYL-2)
developed by Dalian University of Technology weoedted just above the PPTs. Far-field
wave height was measured with the other two WHGgIrantee the accuracy and reliability
of the measured wave height and calculated wavgtHermThe measurement accuracy of
WHGs is 1 millimeter. The signals of WHGs and PRilere multichannel synchronous
sampled via the data acquisition card (NI USB-624ith a sampling frequency of 100 Hz.
An ADCP (model number: Vectrino-ll; sampling volun@085 cn} sampling frequency:
100 Hz) was mounted to measure the flow velocityatievel of 0.5 (i.e., 0.25 m) above the

sandy seabed near the PPTs.

Table 1. Index properties of test sands.

Mean size of Geometric Coefficient of Void Relative Buoyant unit

sand grains  standard deviation permeability ratio density weight of soil
dso Ty ks e D, %
(mm) (m/s) (kN/m?)
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0.38 1.28 1.88x10* 0.771  0.352 9.32

2.2. Test procedure and test conditions

In general, the testing procedure was adoptedllasvi
(1) The flume including the soil box was firstly ptied and cleaned.

(2) The PPTs were deaired and then saturated toeetiseir argil-covers being free of air.

They were then installed at the specific locatiaith the support of a rack (see Fig. 1).
(3) The soil box was filled with clean water to ertain depth. The sand bed was carefully

prepared by means of sand-raining technique. THacgiof the sand bed was leveled off

smoothly with a scraper.

(4) The flume was then filled slowly with wateraagiven depth (0.5 m in the present tests).

(5) For the tests of wave-only, the piston-type &vawmaker was activated and progressive
waves propagated from inlet onto the sandy sedfmdhe tests of combined waves and
current, the current generator was firstly switchadand the flow velocity was gradually
increased to approach the target value. There#fiervave maker was activated.

(6) The multichannel synchronous sampling systera than started to measure the multi-
physics parameters including wave height, porespresand flow velocity.

Test conditions for investigating the wave-currégtduced excess pore-pressure in a
sandy seabed are summarized in Table 2. The mei@n @epth ) was kept constant at 0.5
m. The wave periodT{j, wave height ) and current velocityl.) were kept unchanged
during the test for the same run number. Note tHgis the wave height under wave-only;
and U, is the average velocity of the current without esat the level of 0.25 m above the
sandy seabedy is the gravitational acceleratiof.(=H¢/Lo) is the wave steepness under
wave-only, wherd_, is the wave length under wave-only. The valudptan be obtained

from the dispersion relationship:

L :%tanh«oh) (1)
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where ky=217L, is the wave number under wave-only(=H/L)is the wave steepness
considering the effect of current, whelre and L are the wave height and wave length
considering the effect of current, respectivelye Malues ofH andL for calculatingé are

obtained from a theoretical expression for theatao of wave height and wave length with

current velocity based on the linear theory of wanegent interaction (see Zou, 2004)

H -1/2 -1/2
=2l (1 x) (22)
0
L _1 2
— = 1+ 1/2
=2 (2b)
in which x=1+4U_/c, , c,=L¢/T is the wave velocity under wave-only.
According to the diagram of “the range of suitapibf various wave theories” proposed

by Lé Mehauté (1976), wave conditions of this stuahinly fall in Stokes third-order wave

theory zones (as shown in Fig. 2).

101: T T T MR | T A | T T T

‘| e The present tests Stokes' 4 order

10°F o eStokes' 5 order -

Stokes' 2 order 1

C]‘é) 10°F .
IO

Linear theory

Shallow Intermediate Deep
[ water depth water
el waves /, .  waves ... VAV
10* 10° 10° 10" 10’
higT*

Fig. 2. Range of suitability of various wave thesrLé Mehauté , 1976).

Supplementary tests were conducted to investigegevariation of wave height and

wave length with the current velocity, and the pesf of flow velocity under various
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172 hydrodynamic loading conditions. The test condgidar these supplementary tests are not
173 elaborated in Table 2.

174

175 Table 2. Summary of test conditions for wave-curieduced excess pore-pressure in a sandy seabed.

Run Ho(cm) T(s) Uc(mis) H,/gT? h/gT? & 3
number

1 9.5 1.2 0 0.0067 0.0354 0.046 0.046
2 9.5 1.2 0.1 0.0067 0.0354 0.046 0.037
3 9.5 1.2 0.2 0.0067 0.0354 0.046 0.031
4 9.5 1.2 0.3 0.0067 0.0354 0.046 0.027
5 9.5 1.2 -0.1 0.0067 0.0354 0.046 0.060
6 9.5 1.2 -0.2 0.0067 0.0354 0.046 0.084
7 9.5 1.2 -0.3 0.0067 0.0354 0.046 0.137
8 9.5 1.0 0 0.0097 0.0510 0.063 0.063
9 9.5 1.0 0.25 0.0097 0.0510 0.063 0.037
10 9.5 1.0 -0.25 0.0097 0.0510 0.063 0.167
11 9.5 1.2 0.25 0.0067 0.0354 0.046 0.029
12 9.5 1.2 -0.25 0.0067 0.0354 0.046 0.104
13 9.5 1.4 0 0.0049 0.0260 0.037 0.037
14 9.5 1.4 0.25 0.0049 0.0260 0.037 0.024
15 9.5 1.4 -0.25 0.0049 0.0260 0.037 0.077
16 9.5 1.6 0 0.0038 0.0199 0.031 0.031
17 9.5 1.6 0.25 0.0038 0.0199 0.031 0.020
18 9.5 1.6 -0.25 0.0038 0.0199 0.031 0.061

176

177 3. Resultsand discussions: Effects of imposing a current on waves
178 3.1. Variations of wave height and wave length

179 While waves and current coexist, the presenceoniri@nt will change the original wave
180 height and wave length due to the interactions éetwwaves and current. Fig. 3 shows the
181 variation of the measured wave height and wavethength the velocity of the currentJg,
182 refer to Fig. 4). The theoretical results calciudatéth Eq. (2) are also given in Fig. 3.

183 Theoretical solutions of Eq. (2) assume a unifonmrent and a deep water condition
184 (i.e. tanhkh)—1.0), while in the experiments there exists an ebsiboundary layer in the
185 current (see Fig. 4) and the value of tégit)(is approximately 0.92. In spite of these two
186 deviations from the actual experimental conditiéig. 3 shows that the theoretical results are
187 generally consistent with the experimental resalthe current velocity range of.>-0.1 m/s.

188 The wave heightdecreases and the wave length elongates significanth increasing
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204

velocity of a following-current. In contrast, thve height is augmented and the wave length
gets shorter with increasing velocity of an oppgstarrent, i.e., an opposing-current induces
wave steepening.

Note that the theoretical solutions tend to ovérede the opposing-current-induced
increase of wave height and decrease of wave |lemgilie the velocity of the opposing-
current is relatively large (e.t);=-0.22 & -0.28 m/s). This might be due to the noadrtiy of
wave-current interactions. Typical snapshots ofithge profiles under the conditionsldf=-
0.20 m/s andJ.=-0.30 m/s are shown in Fig. 5(b) and 5(c), respelst As a reference, a
snapshot of the wave profile under wave-only is @lisen in Fig. 5(a). It is observed that the
wave profiles undet.=-0.20 m/s andJ.=-0.30 m/s are no longer sinusoidal. The surface of
the waves are wrinkled up and apt to break, whigblies a significant non-lineartiy of wave-

current interactions (see Moreira and Peregring2p0

16 /Theoretica| prediction (Eg. (2a)) |
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(b) Wave with an opposing current £-0.20 m/s)

(c) Wave with an opposing curretd£-0.30 m/s)
Fig. 5. Typical snapshots of the wave profiles uritle conditions of: (a) wave-only; (b)=-0.20 m/s;

and (c)U.=-0.30 m/s. (Wave$=0.5 m,T=1.2 s,Hy=10.2 cm)

3.2. Wave-induced pore-pressures

Figs. 6 (a) and 6(b) give the time series of thasneed free surface elevation relative to
the static water level and corresponding excesse-pmssure responses at the same
measuring section under wave-only and waves witbllawing-current, respectively. As
shown in the figures, both the wave profile and evanduced instantaneous pore-pressure
present a sinusoidal variation. No excess porespresaccumulation can be found in the
present sandy seabed under the examined hydrodyhaawis. This absence of pore-pressure

accumulation should be attributed to the relativetge permeability of the soik&1.84X 10

“m/s, ¢,=0.66) and apparently smaller wave-induced sheasstn the soil compared with

that in a typical prototype condition (Jeng andr8eyr, 2007 or Figure 2.11 in Jeng (2018)).
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The wave-induced pore-pressure at the surfaceeoktimdy seabegh,j has the same
phase with the free surface elevation. An eviddwaisp lag can be observed among the pore-
pressure responses measured at three differerdegaitis |, p, andps, refer to Fig. 1 for the
detailed locations). The analysis of Yamamoto ef1&78) indicates that no phase lag would
occur in a completely saturated infinite seabedabse the wave-induced pore pressures and
effective stresses are independent of soil charatits in such a condition. However, this
conclusion was based on the case of infinite seal&deported in Jeng and Hsu (1996), the
conclusion from Yamamoto et al. (1978) is no longalid for a seabed finite thickness,
because the soil characteristics directly affeet pore pressures and effective stresses and
cause minor phase lag even for nearly saturatdsbdedhis physical process is attributed to
the multi-phase flow in a porous medium. Furthemmadinis phenomenon only occurs in fine
sand such as the present tests (Jeng and Hsu, I9f#6omparison between Fig. 6(a) and
6(b) indicates that superimposing a following-catrapon waves has a minor effect on the

phase lag of the excess pore-pressure respongessandy seabed.

8 T T T T T T T T

6 - Wave-only -
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w
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Fig. 6. Time series of free surface elevation redato the static water level) measured with WHG-
[Il and excess pore-pressure measured with PPJ1RPT2 f,) and PPT3;): (a) wave-only; and (b)

waves with a following-current. (Waves=0.5 m,T=1.2 s,Hy=9.5 cm; currentJ.=0.25 m/s)

Fig. 7 illustrates the distributions of the ess@ore-pressure amplitudp|{o..vm Where
Po-wm IS the measured amplitude of the wave-induced-pmssure at mudline under wave-
only) along the soil deptlk{z) under different combinations of waves and curteatlings. It
is shown that if a following-current is superimpgdsento waves, the excess pore-pressure
amplitudes in the sandy seabed generally incrdaseontrast, an opposing-current would
decrease the excess pore-pressure amplitudes insahdy seabed. Specifically, the
increment/reduction of the pore-pressure ampliadmudline due to a following/opposing-
current of J¢|=0.30 m/s can be up to 35%/24%.

It is also observed from Figure 7 that the exces®-pressure gradients in the seabed
would generally be increased/reduced by a folloyapgosing-current. These results indicate
that the liquefaction or partial liquefaction is madikely to occur under combined waves and
following-current loading, while the opposing-curtds beneficial to prevent the seabed to
liquefying. That is, a following-current might bepatential risk for the safety of offshore
structures. Moreover, the excess pore-pressuraegtadwould exert lifting force onto the
sand grains under the wave-troughs and therebytnbighg the sand more susceptible to

scour. Although the value of the gradient variattanised by superimposing a current are not
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large in the present experiments, it could becoigeifcant in a real ocean environment
where the wave height and wave period can be nmane 10 times greater than those in the

flume experiment.

Ipllpo-wm
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0.0F | ] /Qf;ﬁ e
0.1f —u— U =0 (Wave-only ]
Waves with a following-current |
02k - O0- 0.10 m/s ]
R 4 0.20 m/s
—--%--0.30 m/s
031 Waves with an opposing-current |
- ®- -0.10 m/s 1
0.4 -4 --0.20 m/s .
—--#*---0.30 m/s
_05 L 1 n 1 n 1 n 1 n 1 I 1 n 1 n 1

Fig. 7. Effects of a following/opposing-current vivarious velocities on the vertical distributioofs

the excess pore-pressure amplitude along the spthd{T=1.2 s,Hy=9.5 cm)

The effects of a following/opposing-current{0.25 m/s) on the distributions of the
excess pore-pressure amplitude under various wereds are compared in Fig. 8. Note that
unlike Fig. 7, the normalized excess pore-presauaiglitude is expressed p8s,Ho and the
normalized soil depth is expressedzs, in Fig. 8, since the values pf..m andk, vary with
wave period. It is indicated that as wave pericdtéases, the current-induced difference of
the excess pore-pressure amplitude gradually bexemall. Under the conditions ©£1.0 s
and 1.2 s, the magnitude of the following-currerduced enlargement of the excess pore-
pressure amplitude is obviously smaller than thposmg-current induced reduction of the
excess pore-pressure amplitude. Under the conditibi=1.4 s and 1.6 s, the effects of the
following-current are small but observable, white teffects of the opposing-current seem to

be negligible.
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Fig. 8. Comparison of vertical distributions of tbgcess pore-pressure amplitude along soil depth
between the conditions of wave-only, waves wittolofving-current J.=0.25 m/s), and waves with

an opposing-currenty=-0.25 m/s) for various wave periodbly£9.5 cm)

3.3. Comparisons between experimental and analytical results

As aforementioned, Zhang et al. (2013) proposedratytical solution for the wave-
induced pore-pressure responses in the seabed cowhixined waves and current. In their
model, the third-order approximation of the wave+e&ut interactions proposed by Hsu et al.
(2009) was employed for the dynamic wave pressttiegaon the seabed. As shown in Fig.2,
the third-order Stokes wave theory is in accorchwite practical wave conditions in the

present flume tests. The dynamic wave pressuregaoti the seabed is expressed as (Ye and

Jeng, 2012)
R (x,t) = B cosk,x—at ¥ P, cos X x—at ¥ P, cosBx—at (3)
2
where P= PiGHo 1- wkyH o’ , P, :3'0fH0 %(Qo_ucko) _ _gko ,
2coshk,h 20 k,—w, 8 2sinff k,h)  3sinhRh

_3p, kH,*c, (w, —U ko) 9 - 4sintt ,h)
512 sind k)

(A , and o, is the water density. The dispersion

relationship is given as
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w= g+ (kH o) w, (4)

where @ =U k,+./gk,tanhkh and @ :9+83|n§4(;?:#+£s;nﬁ K %%_Ucko) -

Taking Eg. (3) as a boundary condition at the nmgdiind based on the quasi-static Biot's

consolidation equations (Biot, 1941), the exces®{poessure for a uniform and isotropic

seabed can be derived as (Zhang et al., 2013)

S0P 52 — m2k02 _ \
P=>—0 | (1-2u-a)C,, ™"+ (1~ 1 )C,, ™" |tV 5
ml-2u ( H )Clm mk, (- X:Zm } (5)
- [ -
where  a= (= 2u)np ’ 5 = mk,2— mao: g {nﬁ+ 1-2u }
nB+(1-2u)/G K, 2G(1- 1)
o 5m B 5m/'[ + mkol'[ C. = mkoa U s the

S I o prmiqutmka’ P (3, —mk,)(3, — O + MK+ k)
Poisson ration is the soil porosity,3 is the compressibility of pore fluid is the shear

modulus of the soil, ankl is the soil permeability.

Fig. 9 gives the comparison of the vertical disttibns of the excess pore-pressure
amplitude @|/po.wa Wherepy.wa is the analytically calculated amplitude of theverinduced
pressure fluctuation at the mudline under wave- orlpng the soil depthkfz) between
experimental results and analytical solutions dated with Eq. (5). The values of the input
parameters for the analytical solutions are shawhable 2. The degree of saturation is a key
influencing factor for determining the distributiofithe wave-induced pore-pressure (Okusa,
1985; Sakai et al., 1992). Nevertheless, the dpevdlue of the degree of saturation is
difficult to measure accurately (Michallet et &Q09). In the present comparison study, the
experimental data for the conditions of wave-onlg atilized to calibrate the value of the
degree of saturation (see Figs. 9 and 11(a)). fraved that the value &=0.995 would
generally make the analytical results coincide wéth the experimental results. Note that the
amplitude of the wave-induced pressure fluctuatiothe mudline is only influenced by wave

parameters and irrelevant to the seabed propedigessuch, the deviations of the wave-
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induced pressure fluctuation at the mudline betwasalytical and experimental results are
intrinsic and unaffected by the calibrated valu¢hefdegree of saturation.

Fig. 9 shows that the variation trend of the disttions of the excess pore-pressure
amplitude calculated with the analytical solutisrgenerally consistent with the experimental
data. By comparing Fig. 9(a) with Fig. 9(b), it cha seen that certain deviations exist
between the flume results for excess pore-presandethe analytical solutions, which is
nonnegligible especially for the opposing-curreagec The relatively larger deviations for the
opposing-current cases can be mainly attributedh® intrinsic difference between the
measured amplitude of the wave-induced pressuretuition at the mudline and the

analytical one (see Fig. 9(b)).

|p|/p0-wa
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Fig. 9. Comparisons of the vertical distributiorfstlte excess pore-pressure amplitude along the soil
depth between experimental results and analytiatiens under (a) waves with a following-current
(various current velocities); and (b) waves withogposing-current (various current velocitiesx@.5

m, T=1.2 s,H;=9.5 cm).

Table 2. Values of the input parameters for thdydical solutions.

Parameters Values
Coefficient of permeabilitk, (m/s) 1.88x10
Shear modulu& (MPa) 10.0
Seabed Void ratioe 0.771
properties Poisson ratio of soik 0.30
Degree of saturatio§ 0.995
Water deptth (m) 0.5
Wave Wave height, (cm) 9.5
parameters
Wave periodr (s) 1.2 (Various in Fig. 11)

To clarify the fact that the difference between timeasured amplitude and the
analytically calculated amplitude of the wave-inédgore-pressure at mudline under waves
with an opposing-current is larger than that undeves with a following-current,

supplementary measurements for the velocity psofiethe boundary layer under conditions
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of wave-only, current-only, waves with a followiegtrent, and waves with an opposing-
current, were conducted. The flow velocity measwaer-0.25 m under current-onlyJ() is
0.20m/s. The wave period is 1.5 s and the wavehheigder wave-onlyHy) is 7.2cm. The
sampling duration of each case was 5 min (appraeipn@00 wave cycles) with a sampling
frequency of 100 Hz in order to have a statistyc#line independent average velocity (or
phase-averaged velocity). The measured (phasegedrpeak velocity profiles along the
water depth under wave-onlyJ(,), current-only {g), waves with a following-current
(Uwp+cp), and waves with an opposing-curretit,{..,), are shown in Fig. 10. The actual
velocity profiles under waves and a following-cunrevere found obviously different from
those suggested by a linear superposition of waland current-only velocities.

While analytically calculating the amplitude of thewve-induced pressure fluctuation at
the mudline after Hsu et al. (2009) and Ye and J&0d2), the current was assumed to be
uniform and the measured flow velocityzaD.25m under current-onlyJ¢) was chosen as the
input value of the current velocity. However, thesésts a significantly thick boundary layer
in the current (see Fig. 4) and thus the inputaiglatz=0.25m for the analytical calculation
would be much greater than the actual average mtwedocity. This could be the reason that
the analytically calculated amplitude of the wanrdticed pressure fluctuation at the mudline
is much smaller than the measured one under waibksaw opposing-current. For the cases
of waves with a following-current, Fig. 10 indicatéhat the maximum flow velocities are
much larger than those for opposing-current caselsadso the sum of wave and current,
which is consistent with the result of Kemp and &us (1982; 1983), Olabarrieta et al.
(2010) and Qi and Gao (2014). This enhancementowf Yelocities near the seabed could
somehow compensate the difference between the inprent velocity for analytical
calculation and the actual current velocity conside boundary layer. As a result, the
deviation of the analytically calculated amplitudé the wave-induced pore-pressure at
mudline from the measured one under waves with a follovamgent is much smaller

compared with the cases of waves with an opposimgeot.
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Fig. 10. Comparisons of the profiles for peak vitles between the conditions of wave-only, current-
only, waves with an opposing-current and waves wifbllowing current. (Wave$=0.5 m,T=1.2 s,

Hy=10.2 cm; currentJ.=0.20 m/s)

The third-order approximation proposed by Hsu e(2009) was based on the potential
flow theory, which cannot describe the boundaretaffow along the seabed surface. To
further confirm the aforementioned conjectured @ffef the boundary layer on the combined
wave-current induced pore-pressure responses isetiteed, several numerical simulations in
which the boundary layer of the wave and/or curoamt be generated were carried out. In the
numerical model, a hydrodynamic model based onfithie volume method and volume-
averaged Reynolds-averaged Navier-Stokes equat@nlésus et al., 2012) is developed to
investigate the interactions between the third-owdave and shear current, while the quasi-
static Biot equation (Biot, 1941) is adopted to alii®e the mechanical behaviour of a
hydraulically isotropic porous elastic seabed ia tipen-source CFD toolbox Open-FOAM.
The dynamic wave pressure extracted from the hydh@aic model is utilized as the
boundary condition at the seabed surface for tiabdesk model. In this model, the bottom
boundary layer near the seabed surface is incliddae numerical simulation. More detailed
descriptions with respect to the numerical modallmafound in Liang and Jeng (2018).

The comparison of the vertical distributions of gxeess pore-pressure amplitude along

the soil depth between experimental results, aigalysolutions calculated with Eqg. (5) and
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aforementioned numerical simulations are providedFig. 11. The values of the input
parameters for the analytical solutions and nuraésonulations are shown in Table 2. The
most important finding from Fig. 11 is that the magde of the pore-pressure amplitude at
the seabed obtained by numerical simulations anergdly much closer to the experimental
data compared with the results of analytical sohgj especially under the conditions of
waves with an opposing-current. This observatiompliexly highlights the effects of
boundary layer on the combined wave-current indymae-pressure responses in the seabed.
It is noted that observable deviation of the paespure amplitude at the seabed still exists
between the experimental results and the numesigallations, mostly due to the difficulties
of reproducing all the important characteristicswafve and/or current boundary layer and

wave-current interactions in the present numetigdrodynamic model.
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Fig. 11. Comparisons of the vertical distributimisghe excess pore-pressure amplitude along the soi
depth between experimental results, analyticalt®oia and numerical simulations under (a) waves
with a following-current (various current veloc#)e and (b) waves with an opposing-current (various

current velocities).h=0.5 m, T=1.2 s,Hy=9.5 cm).

The comparisons between the measured verticalldisons of the excess pore-pressure
amplitude and the analytical ones along the sqitldeinder various wave periods are given
for the cases of wave-only, waves with a followmgrent and waves with an opposing-
current in Figs. 12(a), 12(b) and 12(c), respebtivié is shown that in terms of the amplitude
of the wave-induced pressure fluctuation at the linegdthe analytical and experimental
results are generally consistent under wave-ordg (§g. 12(a)). Nevertheless, the analytical
ones are a bit larger than the experimental onderumaves with a following current, whilst
much smaller than the experimental ones under waitBsan opposing-current. Focusing on
the attenuation rate of the pore-pressure alongstiiedepth (or the general profile of the
pore-pressure normalized with pore-pressure atséaded surface), Figs. 12(a) and 12(b)
indicate that the analytical and experimental tssgenerally match well for the cases of

wave only and waves with a following-currents.
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Fig. 12. Comparisons of the vertical distributiaafshe maximum pore-pressure along the soil depth
between experimental results and analytical saistionder (a) wave-only; (b) waves with a following-
current J.=0.25 m/s); and (c) waves with an opposing-cur(eigt-0.25 m/s). (Various wave periods,

wave heightHy=9.5 cm)

The present flume observations indicated that smpesing a steady current on waves
could significantly alter the pressure on the shed-surface. The deviation of the measured
excess pore-pressure from analytical solutions mammainly attributed to the difference

between the measured pore pressure amplitude andikine (denoted ag, ) and the
analytical one Q,_,). Fig. 13 gives the variation op,_./p,, with the ratio of wave

steepness under combined waves and current to udeér wave-only €/&). &/¢,

indicates the effect of a current on the wave stesp. A general and consistent trend, i.e., the

value of p,_./p,. is obviously larger than 1.0 and keep increasiith imcreasing value of
§/& when £/& >1 (i.e. opposing-current cases) while the value gf . /p,. is
generally around 1.0 wherf/é <1 (i.e. wave-only and following-current cases), is

indicated in Fig. 13. This trend implies that imnts of the combined wave-current induced
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excess pore-pressure in a sandy seabed, a favgnaddlietion by analytical solution should
be expected for following-current cases and smalere-pressure amplitudes would be
obtained for opposing-current cases, which has leafirmed by Figs. 9 and 12. While
evaluating the potentially enhanced risk for thietyaof offshore structures by a following-

current, the analytical solution would provide aservative/safe prediction.
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¢lé,
Fig. 13. The variation ofp,_,./p,. Wwith &/& (H,/gT?=0.0038~ 0.009,
h/gT?=0.0199 ~ 0.051).

4. Conclusions
The co-existence of waves and current in offshakgrenments is a common scenario in
coastal zones. A series of flume tests were coedutd investigate the effect of imposing
following/opposing current upon waves on the exgeEsg-pressure in the sandy seabed. This
study provide the first set of comprehensive expental data for the pore-water pressures in
a porous seabed due to combined waves and curigased on flume observations and
comparisons with the existing theoretical solutithre, following conclusions are drawn:
(1) The essential difference of the pore-pressure resgmbetween wave-only condition and
combined wave-current condition is due to the dgifé boundary conditions of pressure
at the seabed surface. The excess pore-pressurkitudes are increased for the

following-current case, but reduced for the oppgsiarrent case. For the examined
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(2)

3)

(4)

value range, such wave-current combination effecbmes more significant for shorter
wave periods. The excess pore-pressure gradientsthen seabed would be
enhanced/reduced by a following/opposing-current.

The variation trend of the excess pore-pressurérittiion in the present flume
observations is consistent with that of the exgstiheoretical solutions. Nevertheless,
certain deviations exist between the flume restdts excess pore-pressure and the
analytical solutions, which is nonnegligible espélgifor the opposing-current case. The
apparently larger deviations under waves with amposmg-current can be mainly
attributed to the intrinsic difference between #malytically calculated amplitude of the
wave-induced pressure fluctuation at the mudlirsethe measured one.

Measurements for the velocity profiles of the baanydlayer shows that the maximum
flow velocities under waves with a following-curteare much larger than those for
opposing-current cases and also the sum of wavewament. This enhancement of flow
velocities near the seabed under waves with aviolig-current could compensate the
overestimated input current velocity for analyticalculation induced by a boundary
layer. Therefore, the deviation between the arifti calculated amplitude of the wave-
induced pressure fluctuation at the mudline andntieasured one under waves with a
following-current is much smaller than the casesvates with an opposing-current. The
effects of boundary layer on the combined waveentrinduced pore-pressures in the
seabed are highlighted by supplementary numeriicailations.

A general and consistent variation trend pf . /p,, With the ratio of wave steepness

under combined waves and current to that under waleis indicated based on the
present experimental results. A favorable predicbg the analytical solution would be
expected for following-current cases and smalleregwessure amplitudes would be
obtained for opposing-current cases. Therefore,lewld@valuating the potentially
enhanced risk for the safety of offshore structimgs following-current, the analytical

solution would provide a conservative/safe preditti
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Highlights:
< Flume observations of combined wave-current induced excess pore-pressure in a sand-seabed;

<~ Comparisons of wave-current induced pore-pressure between flume results and anaytical
solutions;

< Effects of non-lineartiy of wave-current interactions on the excess pore-pressure responses;

< Deviation between the flume results for excess pore-pressure and the analytical solutions has been
identified.



